Background: Aerobic exercise reduces blood pressure (BP) on average 5-7 mmHg among those with hypertension; limited evidence suggests similar or even greater BP benefits may result from isometric handgrip (IHG) resistance exercise.
INTRODUCTION
H ypertension is the most prevalent, costly, and modifiable risk factor for cardiovascular disease affecting over 1 billion adults globally [1] . Both acute [short-term or postexercise hypotension (PEH)] and chronic (long term or training) aerobic exercise lower blood pressure (BP) 5-7 mmHg among adults with hypertension [2, 3] . Therefore, moderate intensity, aerobic exercise is universally recommended on most, preferably all days of the week to lower BP among those with hypertension [4, 5] . Unfortunately, the majority of people with hypertension do not adhere to these recommendations to achieve these BP benefits [6, 7] .
Seven randomized controlled trials have reported BP reductions from acute [8, 9] and chronic [10] [11] [12] [13] [14] Isometric handgrip (IHG) resistance exercise of 3-15 mmHg among young [12, 14] and older [8, 10, 11, 13] adults with normal [8, 10, 14] and high BP [11] [12] [13] . Notably these BP reductions following acute and chronic IHG resistance exercise rival the magnitude observed following acute and chronic aerobic exercise among adults with high BP [15] , whereas the volume of IHG resistance exercise was considerably less [8] [9] [10] [11] [12] [13] [14] . On the other hand, three other trials observed no antihypertensive benefit from a similar volume of IHG resistance exercise [16] [17] [18] . As a result, the American Heart Association (AHA) cautioned that more data are needed to establish the efficacy and safety of IHG resistance exercise as antihypertensive therapy [19] .
Accordingly, we conducted a randomized, crossover trial to assess the magnitude and duration of PEH after acute IHG resistance compared with acute aerobic exercise in the same group of adults with high BP. In addition, we assessed the BP response in a smaller subset of these adults after completing an IHG resistance exercise training program compared with aerobic exercise training program. We hypothesized acute and chronic IHG resistance exercise would elicit equal or even greater antihypertensive benefits than acute and chronic aerobic exercise.
METHODS

Overview
We employed a randomized controlled crossover design based upon our previous PEH studies ( Fig. 1 ) [20] [21] [22] . Study participants completed an orientation, two stress tests, and provided a fasting blood sample for an assessment of cardiometabolic profile (Visits 1-3). They next completed three randomly assigned acute experiments at the same time of the morning separated by at least 48 h: 30 min of aerobic cycling at 60% peak oxygen consumption (VO 2peak ), 4 Â 2 min bilateral IHG contractions at 30% maximum voluntary contraction (MVC), and a 30 min control session of seated rest. We measured BP and pulse wave velocity (PWV), an index of arterial stiffness, in the laboratory before and for 60 min after each experiment. Study participants then left the laboratory wearing an ambulatory BP monitor over the next 19 h.
Study paticipants
Sedentary study participants aged 18-55 years with pre-to stage 1 hypertension and a BMI at least 25 to more than 40 kg/ m 2 were enrolled. Any medications that could potentially influence BP, including inhaled or oral steroids, nonsteroidal anti-inflammatory agents, aspirin, antihypertensive and hyperlipidemic medications, nutritional supplements besides one-a-day vitamin, cold medications, hormone-altering contraception, or herbal supplements were stopped at 
Body composition
BMI (kg/m 2 ) was calculated from body weight and height using a calibrated balance beam scale. Waist circumference was measured at the narrowest part of the torso using a nondistensible Guilick tape measure [23] .
Blood pressure
A trained investigator (G.I.A.) measured BP with an automated monitor (BPM-100; BPTRU, Coquitlam, Canada) according to AHA standards [24] at the orientation session to determine BP status. This investigator also measured BP before the acute experiments every 2 min for 20 min in the nondominant arm with the automated monitor that was averaged as baseline BP. After each study visit using our established protocols [20] [21] [22] [24] [25] [26] , study participants were attached to an Oscar2 ambulatory BP monitor (Oscar 2: SunTech Medical, Raleigh, North Carolina, USA). A calibration check was done with a mercury sphygmomanometer using a t-tubule upon attachment of the ambulatory BP monitor to the subject.
The ambulatory BP monitor was programmed to record BP at regular intervals three times per waking hour and two times per sleeping hour. The monitor obtained a second reading if consecutive readings differ by more than 50 mmHg for SBP, more than 40 mmHg for DBP, or more than 50 mmHg for pulse pressure. Study participants were instructed to leave the laboratory and proceed with normal activities and diet, avoid unusual activities including napping, not to exercise, and when each ambulatory BP measurement was being taken to keep their arm still and extended at their side. Study participants carried a standard journal, recording activities performed during each measurement, any unusual physical or emotional events, and sleep and wake times. The next morning they detached the monitor and physically returned it that day along with the journal to the investigator. The investigator inspected the journal and reports after each visit, and reminded the study participants of all protocol instructions.
Computerized ambulatory BP reports were acceptable if at least 80% of the potential BP readings were obtained. We omitted ambulatory BP readings of SBP more than 220 or less than 80 mmHg, or DBP more than 130 or less than 40 mmHg according to the manufacturer's exclusion criteria. Ambulatory BP studies following the screening visits (Visits 1-3) were used to familiarize study participants with the technology [25] , confirm their ability to follow all protocols, and lastly that they met the inclusion criteria of having prehypertension to stage 1 hypertension [26] .
Stress tests
The first peak graded exercise stress test (Visit 2) was performed on a treadmill following the Bruce Protocol with continuous 12-lead electrocardiograph recording (Cardiosoft; GE Healthcare, Port Washington, New York, USA) to exclude atherosclerotic ischemic heart disease. The second (Visit 3) was performed on a digital cycle ergometer (893E; Monark, Stockholm, Sweden) to determine VO 2peak . Study participants cycled continuously at a constant cadence of 60 revolutions per minute with resistance increased by 0.5 kiloponds every 2 min until volitional exhaustion [23] . VO 2peak was determined using breath-by-breath analysis of expired gases (ParvoMedics TrueOne 2400 Metabolic Measurement System, Sandy, Utah, USA).
Cardiometabolic profile
Study participants provided a fasting blood sample (Visit 3) for baseline values of serum lipids, lipoproteins, glucose, and insulin (Supplemental Digital Content 1-A, which describes blood sampling and analysis, http:// links.lww.com/HJH/A696).
Acute experiments
To measure PEH, study participants completed three experiments in random order at the same time of the morning at least 48 h apart (Visits 4 through 6). Study participants were instructed to consume a standard breakfast 2-3 h before all experiments consisting of 250 ml orange juice, 125 ml skim or 1% milk, and either 125 ml of plain cereal such as cornflakes, two slices white toast, one English muffin, or one bagel 9 cm in diameter [20] [21] [22] . They were also instructed to refrain from caffeinated beverages for 6 h before all experiments. Each experiment began with 10 min of supine rest followed by a baseline measurement of PWV (Sphygmocor; AtCor Medical, Sydney, Australia), an index of arterial stiffness (Supplemental Digital Content 1-B, which describes arterial stiffness assessment, http://links.lww.com/HJH/A696). Volunteers then sat for 20 min with BP recordings taken every 2 min from the nondominant arm, which were averaged to determine baseline.
This was followed by one of three experiments assigned in random blinded order by a single-block design (www.randomization.com) [27] : aerobic exercise: cycling for 20 min at 60% VO 2peak with a 5 min warm up and cool down. Intensity was monitored using a heart rate monitor (Polar; Lake Success, New York, USA) based upon a linear regression plot of work and heart rate versus VO 2 achieved on the cardiopulmonary graded exercise stress test; IHG resistance exercise: a digital handgrip device (Zonaplus, Boise, Idaho, USA) was held while sitting upright in a chair with feet flat on the floor and a single maximal contraction of the hand flexor muscles with each hand was completed to determine MVC. Study participants then performed 4 Â 2 min alternating bilateral contractions of the hand flexor muscles at 30% MVC with one minute rest between contractions. We selected this protocol because it has been shown in previous research to lower BP [8] [9] [10] [11] [12] [13] [14] , and thus, has been adopted for use in clinical settings as antihypertensive lifestyle therapy [19, 28] . Study participants were provided feedback and encouragement to sustain 30% MVC. The percentage of time they held this tension was registered by the digital device and averaged 85.1 AE 1.5%; and 3) control: sitting quietly for 30 min. All experiments concluded with 30 min of seated recovery followed by 30 min of supine recovery, with BP measured every 2 min and PWV measured 35 and 60 min into the recovery period. The investigator monitored the study participants closely to ensure they did not fall asleep. Study participants left the laboratory each visit wearing the same ambulatory BP monitor as they wore during the screening visits until the next morning.
Training study
After completion of the PEH experiments, 11 of the 27 study participants volunteered to participate in an exercise training program to investigate whether chronic aerobic versus IHG resistance exercise training influenced resting BP (Fig. 1) . These individuals completed a four-week wait-list control period [29] after which SBP and DBP were similar to their before wait-list value (P ¼ 0.32 /0.45). The study participants were then randomly assigned by a single-block design (www.randomization.com) [27] to complete either a supervised aerobic (n ¼ 6, 60% VO 2 peak, 45 min per day) or IHG (n ¼ 5, 30% MVC, 4 Â 2 minutes bilateral) exercise training program 3 days per week for 8 weeks (Supplemental Digital Content 1-C, which describes exercise training, http://links.lww.com/HJH/A696). During the last week of training, each study participants completed a stress test (Visit 7, Fig. 1 ). Beginning 48 h after the last training session, each study participants completed post-training assessments of resting baseline BP, PWV, and ambulatory BP over 19 h (Visit 8, Fig. 1 ) following the identical protocol of the pretraining resting control experiment. The interval of 48 h was long enough to avoid the confounding effects of PEH from the last session but short enough to avoid the confounding effects of detraining on BP [2] .
Statistical analysis
Postexercise hypotension Data are reported as mean AE standard error. The PEHdependent variable was calculated as the BP change following control versus the BP change following exercise (aerobic and IHG) and tested for normality by the ShapiroWilk test. Repeated measures analysis of covariance (RMANCOVA) compared BP between experiments (control, aerobic, and IHG) over four 15 min intervals following exercise in the laboratory and then hourly intervals under ambulatory conditions with age and BMI as covariates over awake (first 10 h postexercise), sleep (11-19 h) , and 19 h. All dependent variables and covariates in the RMANCOVA were tested for normality by the Shapiro-Wilk test and log transformed if needed to satisfy the underlying assumption of normality. No sex-or racial-based differences in BP response were present (P > 0.05) so study participants were analyzed as a single cohort.
The ambulatory blood pressure response to exercise training The resting BP response to exercise training was calculated as resting ambulatory BP over awake, sleep, and 19 h after training versus the day of the resting control experiment before training. Mixed linear models compared BP before versus after training over four 15 min intervals in the laboratory and then hourly intervals under ambulatory conditions over awake (first 10 h), sleep (11-19 h) , and 19 h. Analysis of arterial stiffness outcomes followed similar methods (Supplemental Digital Content 1-D, http://links.lww.com/HJH/A696).
Statistical power calculations
Given expected SBP reduction of 6.9 AE 1.1 mmHg [3] following aerobic exercise and 13.4 AE 1.1 mmHg [30] following IHG, we needed 24 study participants to assess PEH magnitude differences by modality (b ¼ 80%, a ¼ 0.05). Thus, our sample of 27 study participants performing acute PEH experiments was adequately powered although the subpopulations completing chronic exercise training were not. However, power among the chronic training groups was increased by employing mixed linear models with hourly intervals as an alternative to RMANOVA; thus representing each study participants as 19 hourly BP measurements and making the effective sample size n ¼ 5 Â 19 ¼ 95. All statistical analyses utilized SPSS 14.0 (Chicago, Illinois, USA) except for mixed linear models (SAS 9.3; Cary, North Carolina, USA) and power calculations (SAS 9.3 and PASS 2008; NCSS, Kaysville, Utah, USA).
RESULTS
Study participants
Study participants were middle-aged and overweight to obese with prehypertension. They were below average physical fitness for their age [23] , and had fasting glucose and lipids lipoproteins within normal ranges [7] (Table 1) . Over half (52%) of the participants reported a family history of hypertension among first degree relatives. Baseline study participants characteristics did not differ between the exercise modality groups (P > 0.05) ( Table 1 ) and were also plotted at the study participants level (Supplemental Digital Figures S2-1 
Postexercise hypotension
Sedentary participants (n ¼ 27) underwent each of three exercise regimens (aerobic, IHG, or control) on different days and were assessed for 19 h after each exercise regimen. After nonexercise control, SBP/DBP increased by 2.4 AE 1.2 / 2.1 AE 0.9 mmHg over 1 h in the laboratory (P ¼ 0.05 /P ¼ 0.02) and 16.7 AE 1.9 /3.1 AE 1.3 mmHg over 19 h under ambulatory conditions (P < 0.001 /P ¼ 0.03) from a baseline of 121.7 AE 2.4 /79.9 AE 1.5 mmHg (Fig. 2) . The inclusion of a control session is crucial in the assessment of PEH to account for sources of BP variation unrelated to exercise and the normal circadian variation in BP [31] . The BP increase during the first hour in the laboratory also seen in our previous work [21, 22] and others [31] reflects the typical morning circadian increase in BP [20] [21] [22] [24] [25] [26] 32] . The BP increase during subsequent hours under ambulatory compared with laboratory conditions has also been observed in our previous work [21, 25, 33, 34] and that of others [35] [36] [37] . Higher ambulatory than laboratory BP has been noted especially among male study participants with high BMI but without diagnosed hypertension [36, 38, 39] as characterized our sample (Table 1) . Aerobic exercise attenuated SBP and DBP elevations during the awake hours by 5.6 AE 1.9 /3.6 AE 1.3 mmHg (P ¼ 0.02 /0.04). In contrast, following IHG there were no significant differences in BP versus control during the awake hours (P ¼ 0.80 /0.83) (Fig. 2) . In direct comparison, aerobic exercise attenuated SBP and DBP elevations versus IHG over the awake hours by 4.8 AE 1.6 /3.1 AE 1.3 mmHg (P ¼ 0.01 / 0.04) (Fig. 2) . Over sleep hours there were no significant differences between conditions (aerobic vs control P ¼ 0.85 /0.91, IHG versus control P ¼ 0.82 /0.79, aerobic versus IHG P ¼ 0.67 /0.81). The PWV response to acute exercise did not differ by modality (Supplemental Digital Content 3-B which reports the arterial stiffness response to acute exercise, http://links.lww.com/HJH/A696).
The ambulatory blood pressure response to exercise training
Starting at 48 h following aerobic (n ¼ 6) or IHG exercise training (n ¼ 5), the impact of exercise training on ambulatory BP over 19 h was assessed and compared with pretraining levels over this same time period in a smaller subset of the study participants. Aerobic exercise training reduced awake SBP (7.6 AE 3.1 mmHg, P ¼ 0.01) but not DBP (P ¼ 0.18), whereas IHG resistance exercise training did not influence awake SBP or DBP (P ¼ 0.15 / 0.18) (Fig. 3) . In direct comparison, awake SBP and DBP decreased more after versus before aerobic exercise training than IHG resistance exercise training (10.8 AE 3.9 /4.9 AE 2.2 mmHg, P ¼ 0.01 /P ¼ 0.04, Fig. 3 ). Over sleep hours aerobic exercise training did not influence SBP or DBP (P ¼ 0.81 /0.43), while IHG resistance exercise training did not influence sleep SBP (P ¼ 0.06) and increased sleep DBP by 7.7 AE 2.3 mmHg (P ¼ 0.02). The PWV response to chronic exercise did not differ by modality (Supplemental Digital Content 3-C which reports the resting arterial stiffness response to exercise training, http://links.lww.com/HJH/A696).
DISCUSSION
We conducted a randomized controlled crossover trial designed to test the efficacy of acute and chronic aerobic and IHG resistance exercise as antihypertensive therapy. Our major findings were that aerobic exercise induced a clinically meaningful PEH effect versus control, attenuating the rise in BP because of circadian variation by 4-6 mmHg over the awake hours (Fig. 2) . In contrast, IHG did not elicit PEH. A subset of these study participants then underwent 8 weeks of either IHG resistance or aerobic exercise training. We found that aerobic exercise training lowered resting SBP by 7 mmHg over the awake hours, whereas DBP was not different. In contrast, IHG resistance exercise training increased resting DBP by 5 mmHg over the awake hours and 7 mmHg over the sleep hours, whereas SBP was not different. In direct comparison, SBP was mmHg and DBP 5 mmHg lower over the awake hours (Fig. 3) and DBP 5 mmHg lower over the sleep hours after aerobic than IHG resistance training. Collectively, our findings indicated that aerobic exercise is superior to IHG resistance exercise as antihypertensive therapy and should continue to be recommended for its immediate and sustained BP benefits.
Our findings are in agreement with three reports that acute [16, 18] and chronic [17] IHG resistance exercise did not lower BP, whereas they are in contrast with others that concluded acute [8, 9] and chronic IHG [10] [11] [12] [13] [14] resistance exercise reduced BP to the same or greater levels as acute [2, 15, 20, 21] and chronic aerobic exercise [2, 3, 15] . The relative volume of IHG resistance exercise (4 Â 2 min, One study participant declined to provide a blood sample so glucose, insulin, and lipids were measured for the other 26 study participant.
Exercise modality and hypertension
Journal of Hypertension www.jhypertension.com30% MVC) we prescribed in this study was equivalent to these other reports [8] [9] [10] [11] [12] [13] [14] . Nonetheless, discrepancies in our results compared with others [8] [9] [10] [11] [12] [13] [14] may be partially attributed to other differences in study design. We enrolled the sample size double that of previous reports minimizing the possibility of a Type 2 statistical error [8] [9] [10] [11] [12] [13] [14] . We measured ambulatory BP over 19 h under conditions of daily living following our established rigorous protocols known to induce PEH [4, 5, [20] [21] [22] . Similar to our finding, investigators found that IHG resistance exercise did not lower ambulatory BP over 24 h [17, 18] . In contrast, those finding antihypertensive benefits of IHG measured BP by auscultation in the laboratory [8, [10] [11] [12] [13] [14] . One study found antihypertensive benefit of IHG under ambulatory conditions over 7 h [9] but may have been limited by high study participants attrition (33%) and missing ambulatory BP data (up to 30%). Differences in the demographic characteristics among study populations may also have contributed to discrepancies among our findings and those of other reports [8] [9] [10] [11] [12] [13] [14] .
Study participants from studies reporting antihypertensive benefit from IHG had either normal BP [8, 10, 14] or BP controlled to normal levels with antihypertensive medication [10, 11, 13] . These study participants were also normal weight [8] [9] [10] [11] [12] [13] [14] , physically active [8, 10] , of average cardiorespiratory fitness [8] [9] [10] , and likely to be Caucasian based upon geographic location although race was not reported [8] [9] [10] [11] [12] [13] [14] . By contrast, study participants from our study were in the early stages of hypertension, not receiving antihypertensive medication, sedentary, obese, and of low cardiorespiratory fitness with the majority (56%) African Americans ( Table 1) . The AHA scientific statement [19] has cautioned that limited patient populations have been evaluated to date [8, [10] [11] [12] [13] [14] 16, 17] regarding the antihypertensive efficacy of IHG resistance exercise so that generalizing findings to adults populations per se may not be warranted. Our findings reinforce this caution, as it is known that the exercise response of BP and regulatory factors that influence BP differ by racial/ethnic groups [40] [41] [42] [43] [44] [45] [46] [47] . A growing body of evidence indicates that health outcomes following exercise exhibit interindividual variability that is belied by mean results [3, 48] . We found the SD of the BP change following acute aerobic (À5.6 AE 9.2 mmHg, Supplemental Digital Figure S4 -1, http://links.lww.com/ HJH/A696) and acute IHG exercise (À0.3 AE 9.3 mmHg, Supplemental Digital Figure S4 -2, http://links.lww.com/ HJH/A696) exceeded the mean value of the change. Furthermore, nine of the 27 participants in our study did not achieve clinically significant antihypertensive benefit (i.e., SBP and/or DBP reduced by !2 mmHg [2, 22] ) following acute aerobic exercise (Supplemental Digital Figure S3 -S1, http://links.lww.com/HJH/A696); whereas 13 did achieve such benefit following IHG (Supplemental Digital Figure S3 -2, http://links.lww.com/HJH/A696). Nonetheless, ambulatory BP was on average 3-5 mmHg lower after acute aerobic than acute IHG resistance exercise. In addition, most of the participants (i.e., 85%) individually experienced a greater BP reduction following acute aerobic than acute IHG resistance exercise, reinforcing our major finding that acute aerobic was superior to acute IHG resistance exercise in lowering ambulatory BP.
One factor that can partially account for variability in the BP response to exercise is technical error related to obtaining repeated measurements [48] . We minimized technical error by having all BP assessments performed by a single investigator (GIA) at the same time of day using the same ambulatory BP monitor for the same study participants throughout study duration. Accordingly, the coefficients of variation for baseline SBP/ DBP before the acute experiments were 2.9/3.5%, respectively, supporting that these study design features minimized unexplained variability in repeated ambulatory BP measurements.
Strengths and limitations
Although this study bore methodological strengths, including a randomized controlled crossover design and the clinical gold standard assessment of ambulatory BP [24, 26] , there are three limitations of note. First of all, our study was not designed to determine mechanisms so that mechanistic explanations for our finding that aerobic exercise elicited PEH while IHG did not are beyond the scope of our study. Second, our sample size of 27 adults with prehypertension and obesity limited our power to conduct subgroup analysis (e.g. sex and racial differences) as well as generalizability to other populations (e.g. older adults with more advanced hypertension). Third, our subpopulation undergoing chronic exercise training regimens was small, and these findings should be treated as preliminary and with caution. Nonetheless the lack of benefit from IHG resistance exercise was consistent across each individual participant and are shown in Supplemental Digital Figure S2 -3, http://links.lww.com/ HJH/A696.
In conclusion, we found that IHG resistance exercise did not elicit PEH and surprisingly increased resting BP following 8 weeks of exercise training. Contrary to our hypothesis, IHG does not seem to be a viable antihypertensive exercise modality alternative for aerobic exercise among adults with high BP. Our findings are consistent with the current recommendations from a variety of professional organizations [4, 5] regarding exercise as antihypertensive lifestyle therapy, that aerobic exercise should be the primary modality of choice for its immediate and sustained BP lowering effects among adults with high BP. Our findings are intriguing because of strengths of our randomized controlled crossover design, the size of our patient population versus previous investigations, and our use of ambulatory blood pressure monitoring, yet they merit confirmation.
